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Bulk 13C polarization can be strongly enhanced in diamond at room-temperature based on the opti-
cal pumping of nitrogen-vacancy color centers. This effect was confirmed by irradiating suitably aligned
single-crystals at a ∼50 mT field promoting anti-crossings between electronic excited-state levels, fol-
lowed by shuttling of the sample into a custom-built NMR setup and by subsequent 13C detection. A
nuclear polarization of ∼ 0.5% - equivalent to the 13C polarization achievable by thermal polarization
at room temperature at fields of ∼2000 T - was measured, and its bulk nature determined based on line
shape and relaxation measurements. Positive and negative enhanced polarizations were obtained, with a
generally complex but predictable dependence on the magnetic field during optical pumping. Owing to its
simplicity, this 13C room-temperature polarizing strategy provides a promising new addition to existing
nuclear hyperpolarization techniques.
PACS numbers: 61.72.jn, 76.60.-k, 78.47.-p, 81.05.ug
Introduction.— Nuclear Magnetic Resonance (NMR) is
commonly used to extract molecular-level information in a
wide variety of physical, chemical and biological scenar-
ios. One of NMR’s most distinctive characteristics is the
low energies it involves. This makes the method remark-
ably non-invasive but leads to intrinsically low signal-to-
noise ratios (SNR), factoring in both small thermal spin
polarizations and relatively low frequencies. Over the
last decades several strategies have been proposed to by-
pass these limitations, particularly by generating large,
non-thermal spin-polarized states. Most prominent among
these techniques is Dynamic Nuclear Polarization (DNP)
[1–6], where radicals are irradiated in a high-field cryo-
genic environment, driving their unpaired electron spins
away from equilibrium and thereby leading to highly-
polarized nuclei on co-mixed, nearby target molecules.
This and other forms of hyperpolarization can increase
NMR signals by several orders of magnitude, significantly
expanding the scope of NMR applications in chemistry and
biomedicine [7]. In the past, free radicals arising in imper-
fect diamond crystals have also been the target of cryogenic
DNP NMR investigations [8, 9]. Those studies have been
recently extended to exploit the electronic spin states of
negatively-charged Nitrogen-Vacancy (NV) centers in dia-
mond. These color centers have been proposed for a variety
of applications including spintronics [10–14] and ultrasen-
sitive magnetometry [15–18]. A particularly appealing as-
pect of NV-doped diamonds is the simplicity with which
they can deliver highly polarized electronic populations by
optical pumping at room temperature; several studies have
demonstrated that the ensuing electronic polarization can
be transferred via hyperfine interactions to nearby nuclei
and indirectly detected via the NV defects [19–23]. In this
study we extend such experiments by direct observations
of the nuclear 13C spins by means of NMR. To execute this
polarization transfer, the NV centers are optically pumped
by laser irradiation, and the electronic spin polarization
was transferred to 13C spins by suitably orienting the di-
amond crystal in a magnetic field of ∼ 50 mT. This leads
to an excited-state level anti-crossing, capable of polarizing
13C spins exhibiting hyperfine couplings to the NV centers
[19, 24–27]. To characterize the resulting enhanced nuclear
polarization, an experimental setup was built which rapidly
transferred the optically pumped NV-doped diamonds to a
4.7 T field. Once at high fields, the 13C spins are excited
using a resonant radiofrequency (RF) pulse, and their nu-
clear polarization is detected by conventional NMR induc-
tion. The intensity of the NMR signal detected after op-
tical pumping exceeded by two-three orders of magnitude
the signal observed in the same setup after the sample was
subject to full thermal relaxation in a 4.7 T field. It was
found that the nuclear spins hyperpolarized by these op-
tical means had the same NMR properties as “bulk” 13C
spins [28]. These included their relaxation, line width and
chemical-shift characteristics, which were found identical
to those observed in thermally-polarized high-field NMR
experiments on the same sample. This “bulk-like” be-
havior is further substantiated by experimental data sug-
gesting that the majority of the observed hyperpolarized
13C signal, originates from nuclear spins located beyond
1 nm of the paramagnetic defects. The nuclear polariza-
tion also revealed a complex dependence on the magnetic
field strength during the optical pumping [29]. This depen-
dence, including NMR signal sign alternations, could be
explained by the anisotropic nature of the electron-nuclear
hyperfine interaction.
13C Polarization Enhancement in Optically Pumped Di-
amond by Energy Level Anti-Crossings. — The negatively
charged NV color center in diamond is composed of a sub-
stitutional nitrogen atom associated with an adjacent lattice
vacancy. This center is characterized by electronic spin-
triplets in both the ground (3A2) and the excited (3E) state.
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Figure 1: (Color online) (a) Schematic energy diagram of the electronic ground (3A2) and excited (3E) triplet states of an NV center
at room-temperature as a function of an axial magnetic field Bz . Numbers denote the electronic spin state, while arrows refer to
nuclear spin-1
2
13C. The magnified sketch shows the region at approximately 50 mT in which level anti-crossings occur in between
the excited state sub-levels. (b) Simplified schematic description of the polarization transfer processes between the electronic and
nuclear sub-states under optical pumping in the presence of the hyperfine interaction. Black solid and dashed arrows represent optical
and spin-selective relaxation transitions, and red (cyan) arrows illustrate the mixing of the |-1, ↑〉 and |0, ↑〉 (|-1, ↓〉 and |0, ↓〉) energy
levels, resulting in a positive (negative) nuclear polarization. (c) Nuclear polarizations of 13C spins as a function of an axial magnetic
field as determined by density matrix toy-model simulations. The bold line describes the mean polarization resulting from averaging
over six individual orientations of the hyperfine tensor (dashed lines) [30]. Further details on this calculation can be found in the
Supplementary Materials [28]. Notice the multiple zero crossings (red circles) of the nuclear polarization due to an effective averaging
over sub-ensembles with different hyperfine tensors.
At room temperature these S = 1 states exhibit zero-field
splittings between the mS = 0 and the mS = ±1 spin sub-
levels of 2.87 GHz and 1.42 GHz, respectively (Fig. 1a).
Optical transitions are primarily spin conserving [31, 32].
However, the presence of a non-radiative, spin-selective re-
laxation mechanism involving an intersystem crossing with
singlet levels, can alter the electronic spin populations. Un-
der suitable optical irradiation the ensuing pumping can
be very effective, leading even at room-temperature, to a
nearly full population of the ms = 0 electronic states. This
electronic polarization can be transferred to nearby 13C’s
in the diamond lattice by suitably tuning the external field
(Fig. 1b); transfers to nuclei possessing hyperfine cou-
plings ≥ 0.2 MHz have thus been demonstrated [25]. To
illustrate the nature of this transfer, we neglect for simplic-
ity the 14N-related spin interactions, and consider a single
NV-13C spin Hamiltonian
Hˆ = DESSˆ
2
z
+ (γNV Sˆ + γ13C Iˆ) · ~B + Sˆ ·AIS · Iˆ . (1)
Here Iˆ and Sˆ are the nuclear and electron spin operators,
DES is the excited-state zero-field splitting, γNV = 2.8·104
MHz/T and γ13C = 10 MHz/T are the corresponding gyro-
magnetic ratios, and AIS is the hyperfine tensor. It is also
assumed that, as was experimentally the case, a positive,
axial magnetic field ~B = Bz zˆ has been aligned with the
NV axis, leaving the electronic spin an eigenstate of Sˆz.
In general, the zero-field and electronic Zeeman splitting
dominating Eq. (1), suppresses electronic ↔ nuclear spin
exchanges. Still, as illustrated in Fig. 1(a), energy levels
can be tuned with Bz: if a field of ∼ 50 mT is chosen, the
contributions of the first two terms in the electronic Hamil-
tonian will balance out for the electronic {|0〉, |-1〉} sub-
space. This in turn will lead to an electronic anti-crossing
due to the presence of the hyperfine interaction with 13C
nuclei, resulting in a transfer between the optically pumped
electronic and the nuclear spin populations {| ↑〉,| ↓〉}.
Indeed, when ||DES − γNVBz| ± γ13CBz| ≈ |AIS |, the
electronic spin is no longer an eigenstate of Hˆ . The sys-
tem can still be described in a joint manifold of the nu-
clear and electronic spins, but the eigenstates of Hˆ under
these conditions are mixtures of the |0, ↑〉, |0, ↓〉, |-1, ↑〉
and |-1, ↓〉 states. If AIS is a so-called isotropic hyperfine
interaction possessing solely Sˆ+Iˆ−, Sˆ−Iˆ+ “zero-quantum”
terms, only the |-1, ↑〉 and |0, ↓〉 states are mixed near the
level anti-crossing, leading to an enrichment of the nuclear
|↑〉 state upon optical pumping (Fig. 1b). By contrast, 13C’s
exhibit both isotropic and anisotropic hyperfine characters
[33], resulting in an additional mixing of states involving
single- and double-quantum operators Sˆz Iˆ±, Sˆ±Iˆz, Sˆ+Iˆ+
and Sˆ−Iˆ−. Under optical pumping, these zero- and double
quantum terms can drive the nuclei into either polarized or
anti-polarized states (Fig. 1b); which one of these states
is dominant after the transfer depend on the magnitude of
~B and on the characteristics of AIS . This is illustrated by
toy-model simulations in Fig. 1(c), which show that multi-
ple sign alterations in the nuclear spin polarization can be
expected as a function of the Bz field, when Bz is close
to the anti-crossing condition. This calculation is based on
solving a master Liouville-von Neumann equation based
on the Hamiltonian of Eq. (1). This in turn approximates
the polarization build-up of the 13C nuclear spins via a di-
Figure 2: (a-b) Schematic description of the experimental setup and summary of the events occurring during the experiments described
in this paper. Experiments begin with laser pumping of the electronic spins in a ∼ 50 mT axial field facilitating polarization transfer to
the nuclear spins. (Nuclear spins could also be manipulated at this low field by applying resonant RF pulses at a frequency of ∼ 545
kHz.) The sample is then shuttled from the polarizing field ➀ to the “sweet spot” of a high-field magnet ➁, where the 13C spins are
subject to a pulsed spin-echo detection. The sample is then returned to the polarizing field for a repeated pumping and further signal
averaging. The samples used (D01, D02) are natural abundance 13C single-crystals and exhibit an estimated concentration of NV
centers of 3 and 10 ppm, respectively [28]. The pumping laser was connected to the optical setup via a 600 µm core multimode fiber
irradiating an area slightly larger than the diamond sample, with a 532 nm laser beam with an adjustable power of up to 10 W. The
setup was used for NMR and ODMR measurements [28]. The field was fine-tuned via an ancillary coil. During optical pumping, the
sample was immersed in a water-filled flask to avoid excessive heating, and the concomitant distortion of the single-crystal alignment
setup. The sample holder was connected by a shuttling rod to a servo motor enabling its transfer (in <1s) into and out of high-field
NMR setup. The bulk 13C polarization was monitored in this setup using a custom-built NMR probe enabling free shuttling through
a 12 mm Helmholtz coil configuration tuned to 50.55 MHz.
rect transfer process; its efficiency is determined by the
magnitude of the hyperfine interaction, the life-time (∼ 10
ns) of the electronic excited state, and the pumping rate of
the NV centers. Such calculations are consistent with ob-
servations, showing significant nuclear polarizations (> 10
%) facilitated by strong hyperfine interactions (> 0.2 MHz)
[25]. In actuality, also weaker hyperfine interactions could
enable a low-magnitude polarization transfer throughout
the entire diamond sample - which although slow, would
become significant once supported by long nuclear T1 re-
laxation times. In addition, nuclear spin-diffusion events
driven by (Iˆ1+Iˆ2− + Iˆ1−Iˆ2+)-like terms originating from
the nuclear dipole-dipole interaction, would also assist in
transferring the nuclear polarization from strongly-coupled
13C’s towards the bulk 13C spin reservoir.
To investigate the existence and extent of these polariza-
tion transfer mechanisms, which could enable the pumping
of significant bulk nuclear polarization by optical means,
we assembled the setup illustrated in Fig. 2(a). The ex-
periment began with careful positioning and alignment of
an NV center-endowed diamond single crystal, in a Bz ∼
50 mT field fulfilling the excited-state anti-crossing con-
ditions [28]. Following laser irradiation, the sample was
mechanically shuttled within sub-second timescales from
the polarizing field to a detection field of 4.7 T, via a servo
motor controlled by an NMR console. This motion posi-
tioned the diamond crystal within a 13C-tuned Helmholtz-
coil circuit; the experiment concluded with the application
of an NMR spin-echo sequence to probe the level of 13C
magnetization. Such pump-shuttle-probe processes could
be repeated numerous times for signal averaging.
Results and Discussion.— NMR measurements on the
samples, D02 and D01, revealed that an average bulk nu-
clear polarization of ∼ 0.50 and 0.12% was achieved by
optical pumping of the NV centers. For D02 the ratio be-
tween the optically pumped signal and the signal observed
in a thermally polarized ensemble at room-temperature and
4.7 T, the so-called enhancement factor, was determined to
be 486 ± 51 [28]. Taking into account the different polar-
izing/observation field strengths, the overall enhancement
at 50 mT is > 10000 times stronger then the Bz-derrived
prediction of the thermal Boltzmann polarization. This hy-
perpolarized 13C signal showed identical characteristics as
signals arising from thermally polarized high-field spin en-
sembles: within experimental errors, their chemical shift,
their spin-lattice relaxation times and linewidths, are all
identical (Figs. 3a-c). The results in Fig. 3(d), suggests
that the relatively short nuclear relaxation time at 50 mT
ultimately limits the amount of electron polarization that
can be transferred.
It follows from these results that the observed hyperpo-
larized signal is representative of (and therefore probably
originates from) the 13C bulk nuclei, rather than from a
subset of nuclei in the immediate vicinity of the NV cen-
ters. By contrast, if the 13C signal were to arise from
the immediate surroundings of paramagnetic defects (e.g.
AIS
2pi
≥ 10 kHz), shorter relaxation times as well as hy-
perfine shifts, would be expected driven by the electronic
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Figure 3: (Color online) Measured experimental data of the diamond samples D01 (red lines, asterisks) and D02 (blue lines, triangles).
The dashed lines are guides for the eye. (a) 13C signal (red and blue line) obtained after 10 s of optical pumping and 13C signal acquired
with signal averaging at 4.7 T for the diamond D01 (black line). The positive and negative polarizations correspond to different
polarizing fields and the dashed oval marks the position of the NMR signal, corresponding to the thermal Boltzmann polarization of
the sample. (b) Spin-lattice relaxation characteristics of the optically pumped signal of the sample D01. The longitudinal relaxation
of the 13C polarization was measured at the two turning points of the shuttling process marked as ➀ and ➁ in Fig. 2(a), 2(b): the
polarizing field, and the observation field (see [28] for similar data from sample D02). (c) Saturation-recovery of bulk 13C obtained
under conventional thermal polarizing conditions on a high-field solid-state spectrometer (B0 = 14.09 T). (d-e) Build-up characteristics
of the optically pumped 13C polarization as a function of the irradiation time for various laser-beam powers and 10 s of pumping.
For the D01 sample the signal build-up evolved into a steady-state after ∼ 10 s, indicating a limitation of the polarization transfer by
the longitudinal relaxation (T LowField1 ) of the involved nuclei. (f) The enhancement of the 13C SNR as a function of the polarizing field.
For both diamond samples identical field dependence was obtained, including positive and negative amplitudes at different polarizing
fields. The spectra shown in panel (a) correspond to the encircled points: red circle Bz = 51.30 mT, blue circle Bz = 50.85 mT).
Notice that the enhancement of D01 is shown magnified 4×, to stress its similarity to the D02 observable pattern.
defects [28, 34, 35]. The origin of the enhanced nuclear
polarization was further investigated by manipulating the
nuclear spins with resonant, low-field RF pulses. In partic-
ular, a 180◦ pulse of a duration of t180 ∼ 90 µs was applied
at the nominal Larmor frequency of the 13C spins at the 50
mT polarizing field. Such pulses are resonant solely with
the nuclear spin population within its frequency bandwidth
(t−1180 ∼ 10 kHz) and will therefore not affect 13C spins
exhibiting strong frequency shifts (e.g. by paramagnetic
sources). The application of such a pulse during the course
of low-field optical pumping (in which the majority of the
NV centers are found in mS = 0 state, devoid of hyper-
fine interaction) should result in an inversion of the entire
macroscopic 13C polarization. By contrast, if the RF pulse
is applied after the laser illumination has ended and the
electronic population has returned to a thermal Boltzmann
distribution, only 13C spins with hyperfine couplings that
are weaker than the Rabi frequency would experience a full
inversion. Hence, this experiment distinguishes between
nuclear population with hyperfine interaction stronger and
weaker than the∼ 10 kHz bandwidth of the used RF pulse.
Measuring both signals after reaching a steady-state of the
nuclear polarization reveals a full nuclear population flip
(Fig. 3 in [28]). This confirms that a majority of the hyper-
polarized signal originates from 13C spins with hyperfine
interactions < 10 kHz with the NV centers, corresponding
to a minimum distance of ∼ 1 nm to electronic paramag-
netic defects within the diamond crystal.
From a spin-physics standpoint, it is interesting to note
that the relative sign of the 13C bulk magnetization can
be controlled by scanning the polarization field. This
stems from the hyperfine interaction which controls the
electronic-nuclear spin transfer, as reflected by the simu-
lations in Fig. 1(c). This effect is demonstrated experi-
mentally in Fig. 3(f). The observed dependence of the
13C polarization on the magnetic field resembles the pre-
dictions based on Eq. (1), but exhibits several additional
zero-crossings. These sign alternations in the nuclear po-
larization were identical for both diamond crystals D01 and
D02 (Fig. 3f). This implies that the observed bulk nuclear
polarization sign alterations can be interpreted as manifes-
tations of a general (albeit complex) behavior that the mul-
tiple 13C sub-species coupled by the anisotropic hyperfine
interaction with an NV center undergo at each resonance
instance [25]. Indeed, the possible positions of 13C nuclei
in the diamond crystal with respect to an NV center, re-
sult in an array of individual hyperfine interactions. There-
fore, different magnetic field conditions will result for each
of these cases, in most distinct patterns for the efficient
electronic-nuclear polarization transfers. This occurrence
of multiple sign alternations in the nuclear spin polariza-
tion contrasts with the magnetic field dependence of 15N
nuclear spin polarizations within the NV center [19]: 15N
exhibits a nearly isotropic hyperfine interaction with the
color center, and thus only a positive nuclear spin polariza-
tion is observed.
Conclusions.— This study shows that in a single-crystal
room temperature diamond, a significant 13C nuclear po-
larization can be established within seconds, by optical
pumping of NV centers at a suitable magnetic field. From
this observation, many additional interesting paths emerge
to exploit possible synergies between this method of spin
polarization and magnetic-resonance experiments. Fore-
most among these are alternative routes to enhance even
further the bulk 13C polarization; either by manipulating
the concentration of NV centers, by 13C enrichment, or by
choosing different irradiation, field or temperature condi-
tions during the pumping. In addition, strategies can be en-
visioned for transferring the 13C polarization from the dia-
mond to other molecules, or for using the diamond as a re-
porter of NMR properties while remaining at low magnetic
fields. Interesting opportunities for studies of basic char-
acteristics of spin-spin driven transfers within the diamond
as well as to chemical and biological interesting molecules
are opened. These and other alternatives to enable a better
understanding and a widespread use of this pre-polarizing
technique, are being investigated.
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Supplementary Information: Bulk Nuclear Polarization Enhanced at Room-Temperature by
Optical Pumping
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I. POSITIONING AND ALIGNMENT OF DIAMOND BY OPTICALLY DETECTED MAGNETIC RESONANCE (ODMR)
Fulfilling the excited-state level anti-crossing (ESLAC) conditions that enable the transfer between electronic and nu-
clear polarization requires an accurate positioning and alignment of the NV-doped diamond single crystal to one of its
crystallographic axes in a Bz ∼ 50 mT field. Due to the diamond’s tetrahedral lattice structure, the angles between a
given crystal axis (e.g. [1,1,1]) and the remaining three axes ([-1,1,1], [1,-1,1], [1,1,-1]) are identical. Hence, it can be
assumed that, if an NV center axis is aligned parallel to the external magnetic field ~B, the transition frequencies of the
corresponding non-aligned NV centers will also be identical. This effect can be exploited during the alignment process of
the diamond single-crystal: if three individual ODMR resonance frequencies corresponding to different NV orientations
are collapsed into a single line, the magnetic field is aligned to a single orientation and the optical pumping efficiency will
be maximized. A careful orientation of the crystal with respect to the magnetic field was guided by this premise, and it
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Supp. 1: (Color online) (a) Calculated difference in transition frequencies within the ground-state at a magnetic field of 50 mT as a
function of the angle between the NV center axis and the external magnetic field with an angle dependence of the transition ms=0→1
(ms=0→-1) of 10 (25) MHz/degree. (b) ODMR measurements of the ms=0→-1 transition of the three non-aligned orientations, at a
field of ∼ 50 mT. The different curves correspond to the four edges and the center on the diamond sample.
was physically controlled by slight adjustments in a series of plastic set screws within a custom-built goniometer attached
to the sample holder. Figure Supp. 1(a) illustrates the sensitivities of the ground-state transition frequencies at a magnetic
field of ≈ 50 mT with respect to azimuthal orientation. With these principles guiding the alignment procedure, angular
precisions better than 0.5◦ - corresponding to splittings of ∼ 20 MHz between the different NV orientations - are easily
achieved. To estimate inhomogeneities in the magnetic field, we performed ODMR measurements targeting the four cor-
ners plus the center of the diamond sample. Specifically, the magnetic field inhomogeneity is manifested in two aspects:
magnitude and orientation. The former is displayed in the frequency distribution of the resonances at various positions
on the diamond, while the latter is illustrated for instance by the red curve in Supp. 1(b), corresponding to an “imperfect
alignment”. Judging from the residual shifts observed on the resonance lines, it was concluded that an inhomogeneity of
the magnetic field on the order of ∼ 0.1-0.2 mT in the axial and radial directions, characterized our fields throughout the
samples.
II. SAMPLE INFORMATION AND ADDITIONAL RELAXATION MEASUREMENTS
The samples used (D01 and D02) are synthetic, high pressure, high temperature diamond single-crystals (3 mm*3
mm*0.5 mm), with a natural abundance of 13C and an initial nitrogen concentration of less than 200 ppm. NV centers were
generated through electron irradiation (10 MeV electrons with a dose of 1018 cm−2), followed by subsequent annealing
of the sample at 1000 ◦C for 2 hours. The comparison of the obtained spin-lattice relaxation times for the samples D01
and D02 showed that both crystals exhibit comparable relaxation characteristics in low field (≈ 50 mT) environments,
while at high fields these times differ by ca. an order of magnitude (Supp. 2a). The fluorescence data observed upon laser
irradiation suggest that the concentration of NV− centers in D02 is ca. three times higher than in D01, corresponding to 3
and 10 ppm, respectively. These relaxation and fluorescence data indicate that paramagnetic effects caused by the presence
of the NV centers are not the dominant relaxation mechanism for bulk 13C spins. Interestingly, both samples D01 and D02
exhibit spin-lattice relaxation times at high fields that are several orders of magnitude longer than these at 50 mT (D01:
T LowField1 = 2.5 s, T
HighField
1 = 125 s; D02: T LowField1 = 4.5 s, T
HighField
1 ∼ 1200 s).
1 2 3 4 5 6 7 8910 20
−200
0
200
400
sig
na
l (a
rb.
 un
its)
time (s)
200 300 400 600 1000 2,000 4,000 6000 10,000
0
100
200
300
400
500
600
700
800
time (s)
sig
na
l (a
rb.
 un
its)
T1
LowField
 ∼ 4.5 s
50 mT
14.09 T
T1
HighField
 ∼ 1200 s
(b)
(a)
80 40 0 −40 −80 −120
ppm
no
rm
ali
ze
d 
sig
na
l
thermal (D01, 200 averages, B0 = 4.7 T)
thermal (powder, 10 averages, B0 = 4.7 T)
(c)
Supp. 2: (Color online) (a) Spin-lattice relaxation of optically pumped diamond sample D02 at a polarizing field of (Bz ∼ 50 mT,
T LowField1 ∼ 4.5 s). (b) Relaxation time (T HighField1 ∼ 1200 s) obtained for a saturation-recovery experiment under thermal polarizing
conditions in a high magnetic field (B0 = 14.09 T). These spin-lattice relaxation times were measured in complete analogy with the
methods and equipment used for the diamond crystal D01 (Fig. 3c). (c) Bulk 13C signal acquired with signal averaging at 4.7 T for
the diamond sample D01 and a powder of nanodiamonds. The dashed oval indicates the position of the NMR signal from the single-
crystal sample. The powder completely filled the detection coil corresponding to a ∼ 50 times greater mass compared to single-crystal
samples, leading to a significant reduction of the error margins of the enhancement factors to ∼ 10 %.
III. DENSITY MATRIX SIMULATIONS
Simulations of the kind illustrated in Fig. 1c of the main text, estimating the transfer of polarization between an
electronic and a proximal nuclear spin ensemble as a function of the magnetic field, were based on calculating the steady-
state solution of the spin density matrix based on the master equation
d
dt
ρˆ =
1
i~
[Hˆ, ρˆ] + L ρˆ = 0. (1)
Here ρˆ is the density matrix of the joint manifold of the NV center triplet excited state 3E and a single proximal 13C nuclear
spin, Hˆ is the Hamiltonian of the system and L is the Lindblad super-operator describing relaxation mechanisms. The
Hamiltonian used in the calculation is a given in the paper’s Eq. (1) , while the relaxation super-operator can be written as
[1]
L ρˆ =
∑
n
(Cˆn ρˆ Cˆ
†
n −
1
2
Cˆ†n Cˆnρˆ−
1
2
ρˆ Cˆ†n Cˆn), (2)
where Cn are the Lindblad operators which determine the relaxation processes - either decoherence or depopulation. The
simulation starts with setting conditions that enabled the establishment of a steady-state polarization, using only the Cn
operators. This can be carried out by considering that a given Cˆn = γn |i〉〈j| operator, will result in a net polarization
transfer from state |j〉 to state |i〉, where γn are the decay rates associated with the relaxation processes. These “depopu-
lation operators” can therefore account for the spin-lattice relaxation times T1 of the electronic and/or nuclear systems, as
well as for the optical pumping process. The latter was modeled by giving different decay rates γn for the operators Cˆ0
= γ0 |0〉〈±1| (Cˆ±1 = γ±1 | ± 1〉〈0,±1|) leading to population transfer from the ms=±1→0 (ms=0,±1→ ±1). The
ratio of γ0 and γ±1 was set to 20 to create a steady-state population (∼ 0.9) consistent which experimental data [2]. The
hyperfine interaction tensor utilized in these simulations was taken from [3]
AIS =

 5.0 −6.3 −2.9−6.3 4.2 −2.3
−2.9 −2.3 8.2

 , (3)
in which all values are given in MHz. From the overall coupling strength of the tensor we can deduce that this 13C is
found three sites from the NV center. In order to mimic different orientations and magnitudes of the nuclear-electronic
coupling throughout the diamond, we re-oriented the hyperfine tensor by a spatial rotation using Euler angles (α, β and
γ). These rotation angles were chosen randomly to create the polarization plots displayed in Figure 1(c) of the main text.
We emphasize that this hyperfine tensor is a representation for a proximal 13C nuclear spin interacting with an NV center,
and allows us to qualitatively reproduce the magnetic field dependence of the hyperpolarized signal. Dependable hyperfine
tensors for the full set of 13C spins interacting meaningfully with an NV center in the excited-state, are to our knowledge
currently not available.
IV. ESTIMATE OF THE 13C ENHANCEMENT FACTORS
Two routes were adopted to estimate the 13C enhancement factors originating from the optical pumping process. One
was based on investigating the same single crystals as were pumped, but under thermal equilibrium at high field. Unfor-
tunately, the signal-to-noise ratios of these high-field thermal NMR 13C experiments were relatively poor (Fig. 3a of the
main text); in addition to the relatively low gyromagnetic factor and natural abundance of 13C this was a consequence of a
filling factor of the coil that needed to be compatible with sample shuttling. Given the long high-field nuclear spin-lattice
relaxation times in diamond (T1 ∼ 120 s), this made the estimate of the enhancement factors prone to statistical errors,
despite prolonged averaging. Still these measurements lead to estimate enhancement factors on the order of 125 (500) for
the diamond crystal D01 (D02), with about 50% uncertainty in each case. An alternative route was also taken to estimate
the optically-derived enhancement factor, based on the use of a nanodiamond powder. The nanodiamonds exhibited much
shorter 13C longitudinal relaxation times (T1 ∼ 300 ms) and an increased SNR due to the improved filling factor of the
detection coil (Supp. 2c). A more accurate enhancement factor η was determined from these high-field spectra as
η =
SOP · √ntpowder · mpowder
Spowder ·
√
ntOP · mOP
, (4)
where m accounts for the different masses of the optically-pumped and thermal powder samples (mpowder = 800 mg, mOP
= 16 mg), nt are the number of averaged transients (ntpowder = 10, ntOP = 1), and S are the integrated 13C spectral signal
intensities. The error of η is solely determined by the uncertainties of these intensities. The enhancement factor for the
diamond sample D02 after 10 s of irradiation at 7 W, could be thus estimated as
η = 486 ± 51;
in agreement with the single-crystal derivation.
V. ADDITIONAL EXPERIMENTAL CONSIDERATIONS ON THE DEFINITION OF “BULK” NMR SIGNALS
The relatively high concentration of paramagnetic impurities (NV ∼ 10 ppm, substitutional nitrogen . 200 ppm) in
the used diamond crystals, makes an accurate definition of bulk ensemble challenging. In such natural-abundance 13C
diamond samples the electron-nucleus coupling is found to be always orders of magnitude stronger than the dipole-dipole
interaction between the nuclei. Therefore, the nuclear spin-lattice (T1) and spin-spin (T2) relaxation times are governed by
the field fluctuations of the electronic defects, and both the linewidth and chemical shift characteristics of the corresponding
nuclear polarizations are greatly influenced by the type of the paramagnetic impurities and their concentration. Our
experiments show that the NMR signals obtained through optical pumping and shuttling 13C measurements, exhibit the
same chemical shift, linewidth and relaxation characteristics as the NMR signal obtained at high field via conventional
signal averaging. In an effort to further characterize the nature of the optically pumped 13C ensemble that is observed in
the shuttling experiments, these 13C measurements were complemented by the low-field nuclear manipulations referred to
in the “Results” section. These measurements probed the 13C environment via resonant radiofrequency pulses at frequency
γ13C ·Bz ∼ 545 kHz, applied at the ESLAC conditions and generated by an additional Helmholtz coil (15 coil windings,
5 mm diameter) oriented perpendicularly to the axial magnetic field Bz. A complete inversion of the nuclear macroscopic
polarization (nuclear 180◦ pulse) was achieved by applying an RF pulse with a duration of t180 ∼ 90 µs (Supp. 3a)
with an irradiation power of ∼ 150 W, corresponding to a magnetic field of ≈ 5 G. By applying these narrow-band low-
field RF pulses at different stages of the pump-shuttle process, additional information about the spatial distribution of the
nuclear spins contributing to the optically-enhanced NMR signal could be obtained. NMR signals obtained in two shuttling
experiments were compared: in one of these a low-field RF 180◦ pulse was applied during optical pumping, before laser
illumination was stopped; in a second experiment an identical 180◦ pulse was applied after the laser illumination was
stopped (Supp. 3b). The post-illumination delay τ was chosen long (> 50 ms) in comparison to the electronic spin-lattice
relaxation time, thereby ensuring that the optically pumped electronic system, which mainly involvedmS = 0 in the first of
the experiments, had returned to a fully relaxed set of nearly equally populated electronic states in the second experiment.
If the signal were to originate predominantly from 13C spins exhibiting a strong hyperfine interaction (AIS
2pi
≫ t−1180) the
RF pulse applied in the latter experiment would only affect the fraction of 13C spins coupled to an electron in the mS=0
state, resulting in a three times smaller signal. If on the other hand the majority of signal had originated from “bulk”
13C spins exhibiting small electron-nuclei couplings (AIS
2pi
≤ t−1180), the NMR signal of both experiments should agree
within experimental errors. As evidenced by the results in Supp. 3(c), the latter scenario is the one actually realized.
The increasing deviation for longer time delays |τ | can be interpreted by repolarization effects imparted by the optical
pumping as the inversion of the nuclear polarization departs from the τ = 0 instant. Thus, it can be concluded that
the majority of the nuclear spins contributing to the NMR signal exhibit small hyperfine interactions (AIS
2pi
< t−1180 ∼
10 kHz) corresponding to distances of 1 nm or more from paramagnetic defects. This low threshold on the hyperfine
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Supp. 3: (Color online) (a) Experimentally observed 13C nutation curve used for the calibration of the tip angle of the resonant RF
pulses (ω = 545 kHz) applied at 50 mT. Single-shot, high-field NMR spectra (blue) are observed after 10 s of an optical pump-
ing/sample shuttling procedure for low-field RF pulses applied with variable pulse durations (steps of 10 µs) and spliced together and
illustrated in combination with the corresponding integrated spectral signal (black dashed line, asterisks). A complete inversion of the
nuclear polarization (pi-pulse) is found for an RF power of ∼ 150 W, corresponding to a magnetic field of ≈ 5 G and a duration of ∼
90µs. (b-c) Comparison of the observed bulk 13C NMR signals arising from the optically pumped sample D02, in experiments where
the polarization was inverted via a resonant 180◦-pulse (γ13C · Bz = 545 kHz, t180 ∼ 90 µs) before (cyan) and after (blue) the end of
the optical pumping for different time delays τ .
interaction strengths characterizing the nuclei contributing to the observed NMR signal, further corroborates that the
nuclear polarization in both the optically-pumped and thermally-equilibrated scenarios originate from the same, weakly
coupled spin ensemble.
VI. ON THE NUMBER AND EXTENT OF THE 13C SPINS POLARIZED PER NV CENTER
In the following we estimate the number of polarized 13C’s per NV center, and briefly discuss how the spatial propaga-
tion of the electron-nuclear polarization could proceed away from the NV centers - either by spin diffusion or by a “direct”
polarization process. The ratio of polarized 13C to NV centers is estimated through the following
c13C · P13C
cNV
=
0.011 · 0.005
1
4
· 10 · 10−6 ≈ 20. (5)
Here c13C is the natural abundance of 13C spins, P13C is their polarization, and cNV is the concentration of NV centers
aligned to the magnetic field. To assess the nature of the electron ↔ nucleus polarization transfer, we employ a simple
model whereby statistically distributed NV centers in the sample create “spheres” containing multiple 13C nuclei that
get polarized by individual NV centers. This model is based on diamonds containing NV center concentrations in the
order of cNV ∼ 10 ppm, which is the estimated NV center concentration in the sample D02, as judged by comparing the
fluorescence signal of our samples with the reports given by Acosta et al. [4]. For this NV center concentration the average
distance davg between defects can be calculated as
davg =
(
NA · ρdia
Mdia
· cNV
)− 1
3
=
(
6.023 · 1023 1
mol
· 3.52
g
cm3
12.01 g
mol
· 10 · 10−6
)− 1
3
≈ 8.3 nm. (6)
Here NA is Avogadro’s number, and ρdia and Mdia are density and molar mass. As mentioned above, only one out of
four possible crystallographic directions of the NV centers in a single crystal (e.g. the [111] one) contributes to the
electron↔nuclei polarization transfer process. This corresponds to only 25 % of the diamond’s NV centers, increasing the
average distance between polarizing centers to
davg ∼ 13 nm.
VI-I. SPIN DIFFUSION
Measurements by Dréau and co-workers [5] of optically detectable nuclear spins indicated that hyperfine interactions of
0.2-1 MHz may lead to significant nuclear polarizations (more than 10%) via optical pumping. Taken such conditions as
defining the minimal demands for a meaningful direct polarization, it follows that the direct polarization of “bulk” nuclear
spins with smaller electron-nucleus couplings will be negligible. A spin-diffusive transfer mechanism propagating nuclear
polarization from the strongly coupled 13C’s to the bulk could then account for the latter’s polarization. In such scenarios
the laser irradiation of the NV defects will lead to highly polarized electronic states, in which ∼ 85% of the electronic
spins are found in the mS = 0 state. The absence of a strong hyperfine interaction with the surrounding nuclei should
enable a much weaker net of dipole-dipole couplings arising between 13C spins in the sample, to drive a carbon-carbon
spin diffusion-type process via Iˆ1+Iˆ2−+ Iˆ1−Iˆ2+-like terms. This serves to transport out the electron’s optically enhanced
polarization towards nuclear spin species detectable by means of NMR. To estimate the approximate number of 13C spins
that could be polarized in this manner, we approximate the characteristic length as
rpol =
√
D · τ , (7)
where D = 6.7·10−15 cm2
s
is the spin diffusion coefficient calculated for diamond with a natural abundance of 13C [6] and
τ is the time constant defining the establishment of 13C polarization. For pumping times of τ = 10 s like those supported
by the analyzed crystals (Fig. 3d), the characteristic diffusion length is rpol ≈ 2.5 nm, corresponding to a hyperfine
interaction of AIS
2pi
∼ 1.3 kHz. Together with the minimum distance between NV defects and 13C spins established in
low-field RF pulse experiments (Supp. 3b) it can be concluded that only 13C’s within a small shell (1 nm ≤ r ≤ 2.5 nm)
of the initial polarization spheres contribute to the observed NMR signal. It is worthwhile noting that the spin diffusion
coefficient (and therefore the characteristic length rpol) just used was determined for a face-centered cubic lattice system,
neglecting the influence of the relatively high concentration of paramagnetic defects. Dependable experimental findings
about the characteristics of the nuclear spin diffusion process as a function of the concentration of paramagnetic defects
are, to our knowledge, not available. Consequently, the reported diffusion lengths of 2.5 nm should be interpreted as lower
bounds of the spin diffusion process.
Following the laser irradiation of the crystal defects and the corresponding distribution of polarization via spin diffusion,
our experiment proceeds by shuttling the sample from the polarizing field to a 4.7 T detection field. The observed NMR
signal consisted of a single optically-enhanced 13C spectral line with a linewidth of ≤ 1 kHz. While potentially present,
no satellite signals originating from hyperfine triplet splittings were observed; apparently these peaks were too weak to be
distinguished from the background noise. To better estimate the degree of nuclear polarization underlying this signal it is
worth noting that the electronic spin-lattice relaxation time was about two orders of magnitude shorter than the timescale
demanded by the sample shuttling process; upon arriving to the NMR detection region, the electronic spins were thus fully-
relaxed, with nearly equal populations of the NV electronic energy levels. It follows that for polarized 13C to contribute
to a linewidth like the one observed by NMR, they either (i) possessed a hyperfine interaction to the NV smaller than the
detected linewidth of 1 kHz; or (ii) they had large hyperfine couplings, but only reflect the NV center’s mS = 0 state. As
mentioned in the preceding paragraph, the largest NV-nucleus distances that are compatible with the experimental build-up
times τ correspond to a characteristic length rpol ≈ 2.5 nm, implying effective nuclear-electron hyperfine couplings of
≥ 1.3 kHz. Consequently, the observed 13C line shapes suggest that only a fraction of the nuclear spins residing in the
aforementioned “polarization spheres” will contribute to the NMR signal, namely those coupled to NV defects that are
predominately in the mS = 0 state. This in turn suggests that the measured enhancement 13C factors further underestimate
the real nuclear polarization achieved by optical pumping. It is also suggesting that the local polarization within these
polarization spheres can be considerably higher, reaching possibly tens of percents.
VI-II. DIRECT POLARIZATION
In section VI-I we assumed a model whereby strongly hyperfine coupled nuclei [5] undergo a “direct” polarization
transfer process, which subsequently spread by spin-diffusion. The occurrence of such a process follows the experimental
data arising from ODMR spectroscopy [2]. It is conceivable, however, that “weak” hyperfine couplings (AIS ≤ 200
kHz) can also induce significant polarization transfers, provided that the laser illumination is chosen long enough (τ ≫
excited state life-time) to permit a large number of electronic excitation/relaxation cycles. Unlike the relatively simple
diffusion model used in section VI-I, the magnitude and time scale of such “direct” polarization process would depend
on the direction and strength of the hyperfine coupling, the electronic pumping rate, the excited-state life-time and the
relaxation rates of the involved electronic and nuclear states. In analogy to supplementary section II, we employed a
toy-model density matrix simulation, to estimate the approximate amount of polarization transferred to a single nucleus
as a function of the strength of the hyperfine interaction. The simulations (Supp. 4) suggest that hyperfine interactions as
weak as ∼ 1 kHz (corresponding to a NV-nucleus distance of ∼ 2.5 nm) can polarize 13C spins on the time scale of their
spin-lattice relaxation. Thus, we conclude that direct polarization driven by interaction of a single NV center and a single
nuclear spin can potentially compete and/or complement the spin diffusion process described earlier. A more complete
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Supp. 4: (Color online) Nuclear polarization time scales as a function of the hyperfine interaction, determined by a toy-model density
matrix simulations of a single NV center coupled to a single 13C spin (as introduced in section II).
and reliable picture of the polarization transfer process should include both direct electron-nuclear and spin-diffusion-like
nuclear-nuclear coupling terms. The Hamiltonian of a single NV center interacting with an ensemble of nuclear spins
should therefore be of the form
Hcomplete = HNV +HZeeman +
∑
i
Sˆ · AiIS · Iˆi +
∑
i,j
Iˆi ·AijI1I2 · Iˆj . (8)
An analysis of this Hamiltonian could provide interesting insights into the dynamics of both processes.
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